The purpose of the present study was to evaluate the effect of dual-peak LED on the polymerization of coinitiator-containing composite resins. For this, microhardness, degree of conversion (DC), and polymerization shrinkage were evaluated. Specimens (coinitiatorcontaining: Aelite LS Posterior, Tetric EvoCeram, and Vit-l-escence; only camphorquinone-containng: Filtek Z350 and Grandio) were light cured using a quartz-tungsten-halogen (QTH: OP), a single-peak light-emitting diode (LED) (L.E.Demetron: DM), and a dual-peak LED (G-light: GL), respectively. All specimens light cured using GL showed the highest microhardness both on the top and bottom surfaces compared with the values obtained using the rest light-curing units (LCUs). DC had no consistent trend correspond to the LCU, but rather product specifi c. OP yielded the lowest polymerization shrinkage on the specimens. The coinitiatorcontaining composite resins achieved the highest microhardness by the dual-peak LED (GL). However, the infl uence of GL on DC and polymerization shrinkage of the specimens was not consistent.
INTRODUCTION
Light-curing dental composite resins contain camphorquinone (CQ) as principal photoinitiator for the initiation of the photopolymerization process. When CQ absorbs the irradiated light, CQ becomes excited (triplet state). The excited CQ interacts with tertiary amine and then forms a photo-excited complex (exciplex). In that state, CQ abstracts a hydrogen atom from the tertiary amine, producing free radicals both on CQ and tertiary amine. The formed free radicals attack the C=C bonds of monomers, resulting in the formation of new radicals with a much longer chain than before (propagating radicals). The same process continues through the chain reaction until the reaction process terminates.
The generation of free radicals is dependent on several factors such as CQ-tertiary amine combination, their ratio, and the incident light. CQ is a yellow compound with unbleachable chromophore group, so if a large concentration of CQ is contained in resin formulation, undesirable yellowing effect will take place. Furthermore, if CQ is not fully activated, some portion of CQ remains as unreacted molecules, and then it causes color mismatch and unpleasing aesthetic appearance [1] [2] [3] . Tertiary amines are basically added to accelerate the reaction process because the photopolymerization process through CQ occurs at a low rate 4) . Like CQ, if some portion of amines remains residually, they can cause discoloration of the host composite resins. To overcome the drawbacks of CQ, addition of extra photoinitiator such as 2,2-dimethoxy [1, 2] diphenyletanone (DMBZ), 1-phenyl-1,2-propanedione (PPD), and diphenyl (2,4,6-trimethylbenzoyl) phosphine oxide (TPO) has been proposed as a coinitiator [5] [6] [7] [8] . According to the recent studies through the systemic evaluation of microhardness using the various narrow band fi ltered lights, some composite resins are conjectured to contain one of these coinitiators 9) . Among them, PPD is actively under investigation to test its usefulness as a coinitiator. However, manufacturers do not openly state the inclusion of these coinitiators in their products 9, 10) . The curing light is an essential source for the photopolymerization because it supplies photons. From the conventional quartz-tungsten-halogen (QTH) lamps to argon laser, several different types of light-curing units (LCUs) have been introduced [11] [12] [13] [14] [15] [16] . Among them, QTH lamp-based LCUs have the widest spectral distribution and match the most widely with the absorption spectrum of CQ. Light, from the previous generation lightemitting diodes (LEDs), matches with the absorption spectrum of CQ at 430-500 nm, where the absorption peak of CQ locates. Unlike the QTH LCUs, LEDs have much extended lifetime as a light source and achieved convenience and handiness. Recently, LEDs which have dual emission peaks have been introduced [17] [18] [19] . The secondary emission peak locates near 410 nm with much lower light intensity than that of the principal peak at 430-500 nm. The LEDs of dual peaks are believed to have been developed to photopolymerize the coinitiator-containing composite resins. Since the abovementioned coinitiators respond only to the purple light (exceptionally, the absorption spectrum of PPD extends to the blue region), the development of any new LEDs might be required because the LEDs of the previous generation do not emit purple light.
The purpose of the present study was to evaluate the degree of polymerization in the coinitiator-containing composite resins using a dual-peak LED. The hypothesis
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MATERIALS AND METHODS

Composite resins, LCUs, and photoinitiators
In this study fi ve different composite resins [two composite resins contain only CQ as a photoinitiator: Grandio (GD) and Filtek Z350 (Z3); three composite resins are believed to contain a coinitiator in addition to CQ, based on the study by Price et al. 9) : Aeliete LS Posterior (AL), Tetric EvoCeram (TC), and Vit-l-escence (VT)] were used for investigation. Their details are listed in Table 1 .
For light curing, a QTH LCU [Optilux 501 (OP), Kerr, Danbury, CT, USA] and two LEDs [G-light (GL), GC Corp., Tokyo, Japan; L.E.Demetron (DM), Kerr, Danbury, CT, USA] were used. The emission spectra of the LCUs were measured using a photodiode array detector (M1420, EG&G PARC, Princeton, NJ, USA) connected to a spectrometer (SpectroPro-500, Acton Research, Acton, MA, USA). The output light intensity of DM and GL was 900, and OP was 750 mW/cm 2 , as measured using the built-in radiometer.
The light absorbance of photoinitiators [CQ, PPD, Sigma-Aldrich, St. Louis, MO, USA; TPO, BASF, Ludwigshafen, Germany] was measured using a UV-VIS-NIR spectrophotometer (CARY 5G, Varian, Victoria, Australia). For this, each CQ and PPD was mixed with a 0.1% methanol and TPO was mixed with a 0.1% ethanol.
Microhardness test
To measure the surface microhardness of the specimens, a thin slide glass (200 μm thick) was placed on the table. Over the thin slide glass, a metal mold (inner diameter: 4 mm; thickness: 3 mm) was placed and then fi lled with a resin. The top surface of the resin-fi lled metal mold was covered with a thin slide glass, pressed fi rmly to make the surface fl at, and light-cured for 40 s. At this time, the end of the light guide was contacted with the top surface of the slide glass. The light-cured specimens were removed from the mold and stored in a 37˚C dry and dark chamber for 24 h. After aging for 24 h, the microhardness of the top (z=0 mm) and bottom (z=3 mm) surfaces were measured using a Vickers hardness tester (MVK-H1, Akashi Co., Tokyo, Japan). Microindentations (n=15 for each test condition) were made on each surface under 200-gf load with a 10-s dwell time conditions.
Degree of conversion (DC)
To evaluate the DC, the specimens (n=5 for each condition) prepared for the microhardness measurement were utilized. Immediately after the microhardness measurement, each top and bottom surface of the specimen was scratched using a scalpel (at the depth of 100-150 μm) to get the powder. The collected powder was dissolved in ethanol for transmission FTIR (Nicolet 6700/8700, Thermo Fisher Scientifi c Inc., Waltham, MA, USA). Thirty two scans were taken at 0.09 cm −1 resolution in 7,800-350 cm −1 wave number range. The DC of the cured resins was evaluated using the baseline technique. The peak area from the stretching vibrations of C=C bonds (1,636 cm −1 ) and the reference C-C aromatic ring bonds (1,605 cm −1 ) were determined. The uncured resins were similarly tested. The DC (%) was calculated with the following formula: 
Polymerization shrinkage
The polymerization shrinkage of the specimens during and after the light-curing process was measured (n=5 for each product) using a linometer (RB 404, R&B Inc., Daejon, Korea). A resin of cylinder shape (diameter: 4 mm, thickness: 2 mm) was placed over the aluminum disc (the specimen stage of the measurement system) and secured its top surface using a slide glass. The end of the light guide was placed in contact with the slide glass. Before light curing, the initial position of the aluminum disc was set to zero. The light was irradiated from the light-curing unit for 40 s. As the resin polymerized, it shrank and the aluminum disc under the resin moved toward the light source. The amount of disc displacement that occurred due to polymerization shrinkage was measured automatically for 130 s using an inductive sensor. This shrinkage sensor was a non-contacting type and stationed below the aluminum disc. The resolution and measurement range of shrinkage sensor were 0.1 μm and 100 μm, respectively.
Statistical analysis
The results of each test were analyzed using two-way ANOVA for LCU and resin product. A Tukey's test then followed by multiple comparison procedure. All tests were analyzed at p<0.05.
RESULTS
The emission spectra of the light from the used LCUs and the absorption spectra of photoinitiators are shown in Fig. 1 . Light from DM showed one strong but narrow emission peak near 460 nm, whereas GL showed a secondary weak emission peak near 410 nm.
On the other hand, QTH lamp-based OP showed a much broader emission distribution at 380-510 nm. CQ had an absorption distribution at 380-500 with the absorption peak at 460-470 nm. This peak matched the emission peak of all the irradiated lights. PPD and TPO showed the absorption peak near 390 nm. In case of PPD, the absorption distribution reached out to near 480 nm. The secondary emission peak of GL matched with the absorption peak of PPD and TPO. Table 2 shows the microhardness (Hv) of the specimens on the top and bottom surfaces. Within the limit of the tested specimens, the choice of LCU signifi cantly affected to the microhardness of the specimens. On the top surface, in case of AL, TC, and VT, DM yielded the lowest microhardness among the used LCUs. In case of GD and Z3, OP yielded the lowest microhardness among the used LCUs. On the bottom surface, among the specimens, AL (except GL with TC and VT) showed the lowest microhardness regardless of LCUs. Within the same resin product, specimens (except Z3) light * On p-values, the letters α and β denote resin product and LCU, respectively. cured using GL showed the highest microhardness. On the top surface, the microhardness showed a positive linear correlation (R: 0.66-0.85 for vol%; R: 0.55-0.70 for wt%) with the fi ller content. On the other hand, the correlation was negligibly low (R: 0.10-0.38 depend on vol% or wt%) on the bottom surface. Table 3 shows the DC (%) of the specimens on the top and bottom surfaces. Unlike the microhardness, VT showed the highest DC both on the top and bottom surfaces among the resin products. On the surfaces, DC had no consistent correlation with LCU and resin product. Table 4 shows the polymerization shrinkage (μm) of the specimens. Among the specimens, VT and AL showed the highest (19.9-20.6 μm) and lowest (8.1-10.8 μm) polymerization shrinkage, respectively, regardless of LCUs. The polymerization shrinkage had a negative linear correlation with fi ller content (R: 0.62-0.69 for vol%; R: 0.78-0.85 for wt%). On the other hand, it had no consistent correlation with LCU.
DISCUSSION
In the light curing process of the dental composite resins, the role of LCU is crucial because it provides photons that trigger the photopolymerization process. Thus far, several different LCUs have been introduced. As shown in Fig. 1 , the conventional QTH light distributes over 380-510 nm and such light distribution shows the best fi t to the absorption spectrum of CQ. The xenon-lamp light (plasma arc LCU) has a similar emission spectrum to that of the QTH light, but it has much higher light intensity than that of the QTH light. Thus far, LEDs have one emission peak at 430-500 nm. On the other hand, some of the recently introduced LEDs have one additional emission peak near 410 nm with much lower light intensity than that of the main peak. Bluephase G2 (Ivoclar Vivadent), GL, VALO (Ultradent Product, Inc.), and Ultra-Lume LED 5 (Ultradent Product, Inc.) are such LCUs which have dual emission peaks near 410 and 430-500 nm. Reaction of photoinitiator onto the incident light and the subsequent excitation is important in that it is the fi rst step for the whole photopolymerization process.
The concentration of CQ is important because it is related to the effi ciency of photoinitiation. However, due to the color instability, the maximum concentration of yellow CQ should be limited. Adding coinitiator by lowering the CQ concentration is one strategy to overcome the color mismatching problem that was originated from CQ. In the contemporary composite resins, one of coinitiators such as DMBZ, PPD, and TPO is conjectured to have been contained even though no manufacturers state openly about it [5] [6] [7] [8] . One expected advantage of containing coinitiator would be the handling of color problem, which arising from the incomplete CQ-tertiary amines reaction, without losing the inherent mechanical properties of the host composite resins. Based on the systematic study by Price et al. 9) , three composite resins (AL, TC, and VT) are conjectured to contain one of coinitiators.
Microhardness of the specimens tested in this study showed a relatively high correlation with the fi ller content (vol%) even though TC showed some exception. However, such exception may indicate that the microhardness is also infl uenced by the other factors such as monomer chemistry and degree of crosslink. Concerning the microhardness of the top surface, both the LCU and resin product contribute signifi cantly to the microhardness. Higher microhardness by GL (18.7-37.0%) on AL, TC, and VT than that by DM with similar light intensity may indicate that the secondary peak is effective for the additional light curing by the coinitiator. Higher microhardness by OP in AL, TC, and VT than that by DM, despite of approximately 20% lower light intensity than DM and GL, may be attributable to the much broader light distribution and excitation of CQ at 380-430 nm. If these three resin products contain PPD or TPO, the light of 380-430 nm can be effective for the additional light curing by the coinitiator. The microhardness difference (0.2-7.3%) between GL and OP may not be high, despite of the statistical difference, if 20% difference of the light intensity between them is refl ected. On the bottom surface, except Z3, GL yielded the highest microhardness in specimens. Furthermore, in AL, TC, and VT, higher microhardness by OP than DM that was observed on the top surface was not observed. The reason may be the difference of light attenuation and lower light intensity. The light from each LCU has different transmission characteristics even in the same resin product. Even though the light attenuation was not measured in this study, based on the previous report, OP seems to have a less light attenuation in the composite resins than the rest two LCUs 20) . Also, compared with LEDs (DM and GL), OP has much greater light distribution at 380-430 nm. However, since the light of such shorter wavelengths can scatter further by the small-size fi llers due to the Rayleigh scattering, the transmission of light of 380-430 nm can be further reduced in the nanofi ller-containing specimens such as GD and Z3 21, 22) . After all, despite of less light attenuation and much light at 380-430 nm, a signifi cantly lower microhardness by OP than DM was observed in most resin products. According to the study by Price et al., the microhardness of AL, TC, and VT by the light of 390-410 nm is much higher or similar to the microhardness by the light of 460-470 nm. This result strongly indicates the involvement of coinitiator(s) in these resin products in addition to CQ. In the referred study 9) , the shortest wavelength of the fi ltered light was 394 nm, so the microhardness by the light of much shorter wavelength than 394 nm is not clear. However, since PPD and TPO have a similar absorption peak near 390 nm, either can be a possible coinitiator. In the study by Price et al., their specimens received light of a similar intensity regardless of wavelength, but in the present study, GL has two peaks of much different intensities. Using two different lights (near 400 and 470 nm) and by controlling their intensity ratio, optimal condition for the better polymerization of the coinitiator-containing composite resins can be determined.
The DC of the specimens basically depends on the incident light, photoinitiator, monomers, and the resultant network crosslinking [23] [24] [25] . Within the same product, the difference of DC may be related mainly to the curing light. Since the used LCUs have different light intensity, degree of attenuation (transmission within the specimen), and spectrum distribution, their infl uence to the photoinitiator/coinitiator combination will be different. Different DC for different resin products may be mainly related to the different photoinitiator and coinitiator combination and their ratios, monomer mixtures and their mixture ratios. In these aspects, the tested specimens had no consistent trend in DC, but seem to product specifi c. The highest DC in VT seems natural due to the greatest monomer content in VT. However, the rest resin products did not show any distinct difference in their DC despite of their difference in monomer contents. Concerning the LCU, any inconsistent trend between the microhardness and DC may be partly related to the difference of the measurement itself. Microhardness measurements are more location specifi c. Since light from the light guide does not have uniform radial intensity distribution over the guide and the uniform distribution of resin with fi llers during the manufacturing process is an ideal case, the resultant microhardness may vary location by location with micrometer range (the size of the microindentation) is usually some tens micrometers 26) . In case of DC measurement by the FTIR, if the measurement is not assisted by a microscope, variations by the random selection of the measurement locations can be reduced. During the specimen preparation using a scalpel or any other method by collecting powder or tiny chips of the polymerized regions, variations will be mixed during collection and averaged.
According to the statistical analysis of the polymerization shrinkage values, OP yielded a signifi cantly lower shrinkage on the specimens than the rest two units. A lower shrinkage would be due to the lower light intensity of OP. Since each resin product has different fi ller content and monomer mixtures, different shrinkage values seem natural. The greatest and lowest shrinkage in VT and AL would be related to the greatest and lowest monomers contents, respectively. The similar polymerization shrinkage on each product by DM and GL may imply that the contribution of secondary peak near 410 nm on the polymerization of coinitiator-containing composite resins is insignifi cant. Unlike the microhardness and DC evaluation, since the polymerization shrinkage refl ects the whole shortening of the specimen by the incident light, polymerization shrinkage of the bulk volume can be less sensitive to the non-uniform variations at the dimension of micrometer size.
CONCLUSIONS
Within the limits of the present study, the LED of dual peaks (GL) yielded a much higher microhardness than that by QTH (OP) and one peak LED (DM) LCU in the resin products which are believed to contain one coinitiator (PPD or TPO). However, in the DC and polymerization shrinkage evaluation for the coinitiatorcontaining composite resins, no consistent difference between dual-peak LED and the rest LCUs was found. The hypothesis is partially acceptable.
